INTRODUCTION
Calcaemic hormones have been shown to alter phospholipid metabolism in target tissues. Phosphatidylinositol metabolism is affected by parathyroid hormone (PTH) and calcitonin in bone (Rappaport & Stern, 1986) and by PTH in kidney (Lo et al., 1976; Farese et al., 1980; Bidot-Lopez et al., 1981; Meltzer et al., 1982) . Bone resorption by PTH was accompanied by phosphatidylcholine breakdown (Cruess et al., 1979) . Treatment ofvitamin D-deficient chicks with 1Ia,25-dihydroxycholecalciferol [1, 2D3] altered the pattern of phosphatidylcholine metabolism in intestine (Matsumoto et al., 1981) . Changes in the fatty acid composition of phosphatidylcholine in intestinal brush border membrane fractions resulted from treatment of vitamin D-deficient chicks with la-hydroxycholecalciferol (Max et al., 1978) or 1,25-(OH)2D3 (O'Dougherty, 1979) . In studies in vitro, vitamin D metabolites stimulated phosphatidylcholine transfer from liposomes into isolated renal tubular brush border membranes (Eglavish et al., 1983) . Vitamin D-deficient, phosphate-deficient rats had lower amounts of phosphatidylserine in the metaphyses of their long bones than did treated rats (Boskey & Timchak, 1983) , and treatment of the osteogenic sarcoma cell line UMR 106 with 1,25-(OH)2D3 increased serine incorporation into phosphatidylserine while decreasing choline incorporation into phosphatidylcholine, phosphatidylethanolamine and phosphatidylinositol (Matsumoto et al., 1985) .
To determine whether the synthesis of phosphatidylcholine in bone is affected by calcaemic hormones, we examined the incorporation ofcholine into phosphatidylcholine as well as into intermediates in the GDP-choline pathway of phosphatidylcholine synthesis.
EXPERIMENTAL Animals
Neonatal (4-6 day) mice were obtained from Charles River, Montreal. The animals were killed by cervical dislocation, and the calvaria (frontal and parietal bones) dissected.
Incorporation studies
For incorporation studies, calvaria were rinsed in Dulbecco's modified Eagle's medium (DMEM; Grand Island Biological Co.) containing 10% heat-inactivated horse serum (Flow Laboratories) and 10 mM-Hepes (Sigma). The tissues were then preincubated in the same medium for 1-3 h at 37 OC in C02/air (1: 19) in individual wells of 24-multiwell culture dishes (Corning 25820) . For 17 h cultures, tissues were incubated in culture tubes containing 2 ml of medium and the indicated additions. Tubes were gassed for 1 min with 02/air (1: 1), stoppered and placed in a roller drum at 37 'C. For some studies the medium was supplemented with 280 /tM-choline to ensure that the tissue choline concentration was not rate-limiting. At the end of the preincubation, bones were transferred from the culture tubes or culture dish wells into other wells containing 1 ml of medium to which 10,uCi of sham) had been added, and were incubated for 15-60 min. For pulse-chase studies, bones were rinsed quickly in 100 ml of medium at the end of a 30 min pulse and transferred to non-radioactive medium for an additional 0.5-4 h. At the end of the incubation, bones were rinsed in phosphate-buffered saline and transferred to tubes containing 1 ml of methanol/water (5:4, v/v). Either immediately or after storage at -20°C, tissues were homogenized in Dounce homogenizers with a motorized pestle. For some experiments, tissues that had been stored at -20°C in methanol/water were decalcified for 15 min at -4°C in multiwell dishes containing 0.5 ml of 0.5 M-EDTA. They were then rinsed in water and homogenized in methanol/water (5:4, v/v). These variations in tissue preparation did not affect the response observed. After homogenization, 1.7 ml of methanol/water (5:4, v/v) and 3. A~~~~Ã~~~~~~~~~~~~~~~~~~~v ortex-mixed, centrifuged and then washed three times with a theoretical upper phase mixture. Radioactivity in the medium and upper and lower phases was determined by previously published techniques (Pritchard & Vance, 1981) .
Chromatography
The upper phase and medium were chromatographed on Silica G60 with methanol/0.6% NaCl/aq. NH3
(10: 10: 1, by vol.). The lower phase was chromatographed on Silica G60 with chloroform/methanol/acetic acid/ water (50:30:8:3, by vol.). Subcellular fractions Homogenates were prepared from calvaria and livers of the same neonatal mice. Tissues were homogenized in 0.145 M-NaCl/10 mM-Tris/HCl (pH 7.4)/0 mM-NaF/ 1 mM-EDTA. Livers were prepared as 20-30% (w/v) homogenates, whereas bones were prepared as 50% (w/v) homogenates. Homogenates were centrifuged at 12000 g for 15 min. The resulting supernatants were centrifuged at 100000 g for 1 h to obtain cytosol and microsomal pellets. Microsomal pellets were resuspended in homogenizing medium. Average yields from the isolation were: bone, 8.5 mg of cytosolic protein/g of tissue (0.44 mg of cytosolic protein/calvarium) and 1.77 mg of microsomal protein/g of tissue (0.09 mg of microsomal protein/calvarium); liver, 33.2 mg of cytosolic protein/g of tissue and 13.6 mg of microsomal protein/g of tissue. Enzyme assays Choline kinase (EC 2.7.1.32) was measured in bone and liver cytosol by a method similar to that described previously (Weinhold & Rethy, 1974 Saito et al. (1975) . The reaction mixture contained 50 mM-Hepes (pH 8.5), 1 mM-CaCl2, 0.8 ,UM-1 mM-[Me-3H]choline chloride (0.5 ,uCi) and 0.25-5 mg of microsomal protein in 0.2 ml.
Statistics
Data were analysed by analysis of variance (Snedecor & Cochran, 1967 choline resulted in a progressive increase in radioactivity in both the upper and lower phases (Fig. 1) . Bones that had been killed prior to incubation by heating showed little radioactivity in the upper phase and none in the lower phase. Fig. 2 illustrates the distribution of radioactivity in upper phase, lower phase and medium when the bones were transferred to fresh medium at the end of a 30 min pulse with choline. Radioactivity in the upper phase fell rapidly during the initial 30 min time period, declined more slowly over the next 90 min, and then was stable for the next 60 min. Radioactivity in the lower phase increased progressively. At the end of 120 min, . Distribution of radioactivity in culture medium (-) and aqueous (upper, *) and organic (lower, x) phases of neonatal mouse calvaria during the chase period following a 30 min pulse with IMe-3Hlcholine Bones were incubated in 1 ml of DMEM +15% heatinactivated horse serum for both the pulse and chase periods. Tissues were rinsed in phosphate-buffered saline, homogenized in methanol/water (5:4, v/v) and partitioned into upper and lower phases at a final solvent ratio of methanol/water/chloroform of 15:12:25, by vol. Values are means + S.D. ofresponses from three calvaria per group. Bones were preincubated with 280 ,M-choline for 2.5 h prior to the pulse period and were then rinsed with incubation medium containing 28 ,uM-choline. 27 o of the radioactivity was in the lower phase. Radioactivity in the medium accounted for approx. two-thirds of the radioactivity from the first incubation period through the termination of the experiment. To determine the extent to which the radioactivity in the bone was in a loosely associated (trapped) state, a separate experiment was carried out in which the tissues were transferred into fresh medium after the first 30 min of the chase period. Only 13 % additional radioactivity was released into the medium during the next 90 min, suggesting that little of the radioactivity in the bone was freely exchangeable (results not shown). Fig. 3 illustrates the distribution of radioactivity in the intermediates of the CDP-choline pathway in the bone tissue during the course of the 2 h chase. The major proportion of the radioactivity in the upper phase was in Vol. 244 the form of choline. Small amounts of phosphocholine and CDP-choline were produced and were present in roughly equal amounts. The combined amounts of these two intermediates never accounted for more than 5000 of the radioactivity in the upper phase by the end of 2 h. The radioactivity in the medium during the chase was relatively stable and in experiments in which the medium was chromatographed at the end of a 2 h incubation, approx. 90% was found to be unmetabolized (results not shown).
The radioactivity in the lower phase at the end of a 2 h incubation was predominantly phosphatidylcholine (80%), with smaller amounts of sphingomyelin (14%) and lysophosphatidylcholine (5%). Similar proportions of phosphatidylcholine and sphingomyelin were found when total phospholipids were assayed (results not shown). C. Owen Parkes) no effect on choline incorporation was elicited by 2 h incubation with 100 nM-PTH (results not shown).
Choline kinase
The observations (a) that the greatest amount of radioactivity in the phospholipid precursors was present as choline throughout the incubation and (b) that there was no accumulation of phosphocholine (Fig. 3) suggested that choline kinase, rather than CTP: phosphocholine cytidylyltransferase, might be the ratelimiting step in the CDP-choline pathway in the bone tissues. Choline kinase activity was therefore assayed in cytosolic fractions from neonatal mouse bone and liver. Fig. 4 Table 2 illustrates that removal of MgCl2 at ATP from the system resulted in a decrease in phosphocholine production. Choline-phosphatidylcholine base exchange Base exchange activity was measured to determine the contribution of this pathway to the generation of phosphatidylcholine in bone. Choline-phosphatidylcholine base exchange in microsomes isolated from calvaria was approximately 2.7-fold higher than the activity in liver microsomes from the same animals (Table 3) . EDTA, 2.5 mm, abolished base-exchange activity in both tissues (results not shown). No significant base-exchange activity was found in cytosol from any of the three tissues (results not shown).
DISCUSSION
The present studies indicate that [Me-3H]choline is slowly incorporated into phosphatidylcholine in neonatal mouse calvaria in vitro. The proportions of phosphatidylcholine, sphingomyelin and lysophosphatidylcholine in the neonatal bones was similar to that previously Tissues were homogenized in 0.145 M-NaCl/10 mMTris/HCI (pH 7.4)/10 mM-NaF/I mM-EDTA. A 50% (w/v) homogenate was centrifuged at 12000 g for 15 min. The resulting supernatant was centrifuged at 100000 g for 1 h. Choline kinase was assayed in cytosol by a method similar to that of Weinhold & Rethy (1974 reported in bovine fetal bone (Wuthier, 1968) . Measurement of the intermediates in the CDP-choline pathway revealed constant low radioactivity in phosphocholine and CDP-choline, and slow conversion of labelled choline into phosphocholine. There was no accumulation of phosphocholine, the expected finding if cytidylyltransferase were the rate-limiting step for phosphatidylcholine synthesis in bone as it is in a number of other tissues (Pelech & Vance, 1984) . Rather, the data support the proposal that choline kinase is the rate-limiting enzyme. Assay of choline kinase in bone cytosol revealed that, at the choline concentration present in the medium, i.e. 0.028 mm, bone choline kinase activity was approx. 4 nmol/h per mg of protein. Since approx. 0.44 mg of cytosolic protein was obtained from each calvarium, the production of phosphatidylcholine by this pathway would be in the order of 1.8 nmol/h per calvarium. At the reported intracellular choline concentrations in other tissues, i.e. 0.1-0.2 mm (Pelech & Vance, 1984 ) the rate would be approximately twice as high. Either rate of synthesis would be more than adequate to account for the observed rates of choline metabolism through the CDP-choline pathway in the calvaria in the present studies. Experiments comparing the rates of choline kinase in neonatal liver and bone showed that the rate of choline metabolism at this step was slower in bone than in liver. The Vmax in bone, 44.9 nmol/h per mg of protein, was 18% of that in liver. Conceivably, this could account for the low rates of phosphocholine production in the intact bone tissue. (Dirkson, 1969 (Dirkson, , 1971 (Dirkson, , 1975 Dirkson et al., 1970a,b) . These authors proposed that most of the incorporation was through the CDP-choline pathway, with no evidence for phospholipid methylation and low choline-phosphaVol. 244 Table 3 . Effect of choline concentration on choline-phosphatidylcholine base exchange in 100000 g pellets from calvaria and livers of 5-day neonatal mice Choline-phosphatidylcholine base exchange was measured by the method of Saito et al. (1975 fraction (< 10%) of the phosphatidylcholine synthesis that was observed in the calvaria. It is interesting that the rate of base exchange in bone microsomes was higher than that in liver microsomes from the same neonatal mice. An amplified base-exchange pathway may be important in handling of phospholipids other than phosphatidylcholine in bone. For example, phosphatidylserine, which is synthesized predominantly by base exchange in eukaryotes (Vance, 1985) may play a significant role in bone mineralization (Boskey, 1981) . Recent studies by Matsumoto et al. (1985) demonstrated a substantial effect of 1,25-(OH)2D3 on phosphatidylserine-phosphatidylinositol and phosphatidylserinephosphatidylethanolamine base exchange in rat osteosarcoma cells. No significant effects were seen on choline incorporation. Their results are consistent with our present observations, which showed a lack of effect of 1,25-(OH)2D3 on choline incorporation. The current results suggest that phosphatidylcholine metabolism in bone is not altered by treatment of the tissues with PTH or 1,25-(OH)2D3. No effects of these hormones on incorporation of [Me-3H]choline into chloroform/methanol-soluble products or into intermediates in the CDP-choline pathway were observed. The results suggest that phosphatidylcholine synthesis in bone is stable and not readily altered by external stimuli. This contrasts with phosphatidylinositol metabolism, which we have found to be affected by parathyroid hormone and calcitonin at both early (2 h) and later (24 h) time points (Rappaport & Stern, 1986) . Treatment of animals with vitamin D has been reported to alter intestinal phosphatidylcholine metabolism. Modifications in fatty acid content, as well as in the ratio of phosphatidylcholine to phosphatidylethanolamine, have been observed (Max et al., 1978; Matsumoto et al., 1981) . Measurement of radioactivity in intermediates in the CDP-choline pathway has led to the hypothesis that vitamin D treatment alters the activity of CDPcholine: 1,2-diacylglycerol choline-phosphotransferase. Our studies in vitro in bone suggest that this is not a universal effect in all vitamin D target tissues.
